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INTRODUCTION 

This r epor t  desc r ibes  progress made du r ing  t h e  f i rs t  14 months ( Ju ly  
1964 through September 1965) of a research  c o n t r a c t  whose ob jec t ive  is  
t h e  adapta t ion  of a new superconducting c i r c u i t  t o  make a magnetometer 
capable  of measuring a rec tangular  component of s m a l l  magnetic f i e l d s  wi th  
10'6-gauss r e s o l u t i o n  o r  better. A concurrent  a i m  of t h e  work is t o  use 
a superconducting magnetic s h i e l d  t o  produce a low f i e l d  region s u i t a b l e  
f o r  t e s t i n g  t h e  superconducting magnetometer (which must opera te  a t  l i q u i d  
helium tempera tures)  as w e l l  as room temperature  magnetometer probes. 
Addi t iona l  a i m s  are t o  cons ider  t h e  a p p l i c a t i o n  of quant ized f lux ,  t h e  
Josephson effect, and o t h e r  superconducting phenomena t o  instruments  
o t h e r  than magnetometers. 

The Background s e c t i o n  of t h i s  r epor t  covers  the basic p r i n c i p l e s  
of the superconducting magnetometer and magnetic s h i e l d  as w e l l  as the 
present  magnetometer and s h i e l d  design. The ma jo r i ty  of t h e  experimental  
s t u d i e s ,  p resented  i n  t h e  Experimental s ec t ion ,  were done s i n c e  the  d i s -  
t r i b u t i o n  of ou r  March 1965 repor t .  Recommendations and designs of super- 
conducting magnetic s h i e l d i n g  were d iscussed  w i t h  r ep resen ta t ives  fro: 
t h e  Honeywell Company as requested by NASA Ames. A review of our discus-  
s i o n  is given i n  t h e  t h i r d  sec t ion  of t h i s  r epor t .  Our plans f o r  f u t u r e  
work are presented i n  the f i n a l  s ec t ion  of t h i s  r epor t .  

BACKGROUND 

Magnetometer 

Several  p r o p e r t i e s  g ive  superconductors unique advantages f o r  v e r y  
s e n s i t i v e  measurements of magnetic f i e l d s .  These p rope r t i e s  are: 

1. Zero electrical res i s tance ,  which al lows p e r s i s t e n t  cu r ren t s ,  
t h a t  is, c u r r e n t s  tha t  flow undiminished fo reve r  i n  a c losed  super- 
conduct ing c i r c u i t ,  

2 .  The Meissner e f f e c t ,  which is t h e  expuls ion of t h e  magnetic 
f i e l d  from t h e  i n t e r i o r  of a s o l i d  superconductor when i t  i s  cooled 
below its superconducting t r a n s i t i o n  temperature  i n  t h e  presence of a 
magnetic f i e l d .  

3. Quantized magnetic f l u x  trapped i n  superconducting loops.  The 
on ly  poss ib l e  va lues  of magnetic f lux  t rapped i n s i d e  a c losed  super- 
conduct ing loop are i n t e g r a l  mul t ip les  of hc/2e = 2xlO-' gauss cm'. 

This last  proper ty  of superconductors, which w a s  r ecen t ly  v e r i f i e d  
exper imenta l ly  f o r  t h e  f i r s t  t i m e  a t  S tanford  Universi ty '  (it was pre- 

Deaver, B.S., Jr . ,and Wm.M.Fairbank, Phys.Rev.Letters 7 43 (1961) -, 
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dieted by F r i t z  London about 1948), can be used i n  p r i n c i p l e  t o  (1) pro- 
duce a reg ion  of ze ro  magnetic f i e l d  and ( 2 )  measure very small magnetic 
f i e l d s .  When a loop of superconducting material is cooled below i t s  
t r a n s i t i o n  temperature i n  the presence of a magnetic f i e l d  producing a n  
a r b i t r a r y  amount of magnetic f l u x  i n s i d e  t h e  loop, a c u r r e n t  which 
causes  t h e  f l u x  i n s i d e  the loop t o  become quant ized  a t  t h e  nea res t  
i n t e g r a l  va lue  of hc/2e is iiiduced i n  t h e  ioop. 
cooled i n  a magnetic f i e l d  which produces less than one-half a f l u x  u n i t  
through t h e  loop, a c u r r e n t  w i l l  be induced which expe l s  a l l  t h e  magnetic 
f l u x  from the i n t e r i o r  of the loop, producing ze ro  f l u x  i n s i d e  t h e  loop. 
Fur ther ,  t h e  cu r ren t  f lowing i n  the loop is p ropor t iona l  t o  t h e  value of 
t h e  magnetic f i e l d  i n  which t h e  loop w a s  cooled and a measurement of t h i s  
c u r r e n t  c o n s t i t u t e s  a measurement of t h e  magnetic f i e l d .  

Thus, i f  a ioop is 

During t h e  experiments t o  measure quantized magnetic f l u x  a t  S tanford  
Univers i ty ,  a new superconducting c i r c u i t  was o r i g i n a t e d  f o r  observing 
very small changes i n  magnetic f lux .2  
adapted f o r  magnetic f i e l d  measurements. The c i r c u i t  is diagrammed i n  
Fig. 1. C o i l s  A and B c o n s t i t u t e  a s i n g l e  superconducting c i r c u i t .  The 
t o t a l  magnetic f l u x  enclosed by t h i s  c i r c u i t  must be cons t an t  i n  t i m e  
because t h e  electrical r e s i s t a n c e  is zero .  I f  an e x t e r n a l  f i e l d  is 
appl ied ,  for  example t o  Co i l  A, thus caus ing  a f l u x  change through t h i s  
coil ,  t h e  c i r c u i t  reacts by producing a c u r r e n t  'which induces f l u x  changes 
i n  C o i l  A and i n  Co i l  B, and t h e  sum of t h e  changes due t o  t h i s  cu r ren t  
exactly cance l s  t h e  e x t e r n a l  f l u x  change. The induced c u r r e n t  w i l l  
persist fo reve r  or u n t i l  the e x t e r n a l  f i e l d  has been removed. The per- 
s i s t e n t  c u r r e n t  i n  t h e  superconducting c i r c u i t  is a permanent record  of 
t h e  f l u x  change which w a s  attempted. 
measures the attempted change i n  flux. 

This  c i r c u i t  can be  r e a d i l y  

A measurement of t h i s  c u r r e n t  

HEATER 

M 

1 
FIG. 1 SUPERCONDUCTING CIRCUIT 

h a v e r ,  B. S., Jr. and Wm. M. Fairbank, Proceedings of t h e  Eighth 
I n t e r n a t i o n a l  Conference on Low Temperature Physics.  R. 0. Davies, 
ed. ,  Butterworth, Washington, D.C., 1963, p. 116 
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The ope ra t ion  of the c i r c u i t  t o  measure a f l u x  change v i a  the per- 
s i s t e n t  cu r ren t  is as follows. F i r s t ,  any p e r s i s t e n t  c u r r e n t  already 
present  i n  t h e  c i r c u i t  AB is e l imina ted  by  momentarily hea t ing  a s m a l l  
region of the c i r c u i t  w i t h  heater S, caus ing  a normal r e s i s t a n c e  i n  tha t  
p a r t  of the c i r c u i t  and thus  causing any c u r r e n t s  t o  decay t o  zero.  If  
t he  c i r c u i t  is  re turned  by  cool ing  t o  the superconducting state,  then  a 
f lux  change caused i n  C o i l  A by an imposed e x t e r n a l  f i e l d  w i l l  be balanced 
by  t h e  c u r r e n t  induced i n  t h e  c i r c u i t  AB. To measure t h i s  p e r s i s t e n t  
cu r ren t ,  Coi l  B and a secondary c o i l ,  C, are wound around a supercon- 
duc t ing  modulator, P, which may be a so l id  post ,  a t h i c k  w a l l  cy l inde r ,  
etc. The superconducting modulator, P, is  thoroughly cooled by  con tac t  
t o  a temperature,  To, below its superconducting t r a n s i t i o n  temperature .  
The modulator can be periodically heated so that it f i r s t  rises above 
i t s  superconducting t r a n s i t i o n  temperature and then coo l s  back t o  the 
superconducting state. When the modulator is normal ( that  is, above i ts  
superconducting t r a n s i t i o n  temperature) ,  the cu r ren t  f lowing i n  B causes  
a magnetic f l u x  t o  l i n k  both B and C. 
conducting, t h e  magnetic f l u x  in s ide  the  superconductor is expel led  
because of t he  Meissner e f f e c t ,  thus changing the  amount of f l u x  l i n k i n g  
B and C. As t h e  modulator is heated and cooled pe r iod ica l ly ,  the pe r iod ic  
v a r i a t i o n  of the f l u x  i n  C causes  an a l t e r n a t i n g  vol tage  ac ross  the  c o i l  
C. This  vol tage,  which can be measured readi ly ,  is  p ropor t iona l  t o  the 
p e r s i s t e n t  c u r r e n t  f lowing i n  the c i r c u i t  AB and is consequent ly  propor- 
t i o n a l  t o  t h e  attempted f l u x  change i n  Coi l  A. 

When t h e  modulator goes super- 

A somewhat improved measurement is poss ib l e  by providing an addi- 
t i o n a l  coil ,  N. The cu r ren t  i n  N w i l l  cause the f l u x  through A t o  change. 
When the change is e x a c t l y  equa l  and oppos i te  t o  tha t  caused by the 
e x t e r n a l  f i e l d  change which is  t o  be measured, there w i l l  be no n e c e s s i t y  
for a cu r ren t  i n  t h e  c i r c u i t  AB; consequently, t h e  s i g n a l  from C w i l l  be 
zero .  A t  t h i s  n u l l  cond i t ion  t h e  c u r r e n t  i n  N is p ropor t iona l  t o  the 
f i e l d  change app l i ed  t o  Co i l  A. 

The c i r c u i t  and v a r i a t i o n s  of it have been used t o  measure f l u x  
changes of approximately 10'' gauss c m 2 .  
of s e n s i t i v e  magnetic measurements. 

I t  can  be adapted t o  a va r i e ty  

Using the p r o p e r t i e s  and new c i r c u i t  techniques described above, w e  
have cons t ruc t ed  a s e n s i t i v e  magnetometer wi th  f i e l d  r e s o l u t i o n  of better 
than  a microgauss. The complete magnetometer c i r c u i t  now i n  opera t ion  
w i l l  be described i n  detail. Figure 2 is a diagram of t h e  f i n a l  c i r c u i t  
g iv ing  the  important dimensions. To make t h e  device more s u i t a b l e  f o r  
measuring weak fields, C o i l  A i n  Fig. 2 is of rather l a r g e  c r o s s  s e c t i o n  
and is a l igned  w i t h  t he  f i e l d  t o  be measured. For abso lu t e  f i e l d  measure- 
ment Co i l  A can be f l i p p e d  through 180' i n  the f i e l d ,  and t h e  r e s u l t i n g  
change i n  f l u x  through Co i l  A, i . e . ,  twice t h e  t o t a l  o r i g i n a l  f lux ,  can 
be measured as described above. 
and C, and t h e  modulator P are located a long  t h e  axis of r o t a t i o n  of 
C o i l  A. 

The a c t u a l  measuring c i r c u i t ,  C o i l s  B 

Because i t  is t h e  t o t a l  amount of magnetic f l u x  be ing  swept i n  and 
out  of t h e  output  coil ,  C i n  Fig. 2, t h a t  determines the  output  s i g n a l  
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CAPACITOR --Pti 
// Tt 

N TRIM COIL 

CIRCUIT DATA 

I . 

2 I S is a 30n carbon resistance heat switch 

3. The tuning capacitor used at 30,3-kc signal frequency was 0.0018 p f  

4 .  Transformer: Primary is IO turns of  lead-plated copper strip. 

5 . Coil  dimensions: 

P i s  the indium modulator heated by a CuAu layer of 85n  resistance 

Secondary i s  5000 turns o f  2-mi l  niobium wire 

Coi I Number of turns - (2-mil niobium wire) 

2 
2 

I 6 2  
I 5 5  
I 5 0  

Inside Diameter 
( c m )  

0.96 
0.96 
0.05 
0. I O  
0.15 

T I -  SO93 - I  7 

FIG. 2 MAGNETOMETER CIRCUIT 
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and that  u l t i m a t e l y  l i m i t s  t h e  magnetic f i e l d  s e n s i t i v i t y ,  a modulator of 
l a r g e  cross s e c t i o n  is requi red  f o r  t h e  measurement of weak fields. How- 
ever ,  l a r g e r  modulators r equ i r e  l a r g e r  amounts of hea t ing  power and are 
thus somewhat u n s a t i s f a c t o r y .  I n  ou r  e x i s t i n g  c i r c u i t  w e  have compromised 
wi th  t h e  use  of a 0.002-in. OD modulator. 

The modulator is a hollow superconducting c y l i n d e r  heated i n t e r n a l l y  
w i t h  a CuAu r e s i s t a n c e  f i lm.  The c y l i n d e r  walls e x h i b i t  the  Meissner 
response which is l i n e a r l y  propor t iona l  t o  a changing magnetic f i e l d .  
The hollow cy l inde r  cons t ruc t ion  is  a s i n g l e  turn ,  c losed  superconducting 
loop which e x h i b i t s  quant ized f lux  response. Quantized f l u x  response i s  
a mult ivalued func t ion  of t h e  appl ied magnetic f i e l d .  The output  c o i l ,  
C i n  Fig. 2, s enses  t h e  f l u x  change i n  the loop that occurs  as the loop 
becomes superconducting. If t h e  appl ied  f i e l d  produces e x a c t l y  one u n i t  
of f l u x  through the loop (or any i n t e g r a l  mu l t ip l e  of one u n i t ) ,  no 
change occurs  when t h e  loop is cooled, and there is no output vo l tage .  
However, f o r  o t h e r  appl ied  f i e l d s  a c u r r e n t  i s  induced i n  t h e  loop as it 
becomes superconducting t o  change the  enclosed f l u x  t o  t h e  n e a r e s t  quan- 
t i z e d  value.  When t h e  loop is cooled i n  a f i e l d  producing less than  
one-half a f l u x  u n i t ,  a cu r ren t  is induced t o  oppose t h e  app l i ed  f i e l d  
and produce zero f l u x  i n s i d e  the loop. When t h e  loop i s  cooled i n  a 
f i e l d  producing s l i g h t l y  more than one-half a f l u x  u n i t ,  t h e  induced 
c u r r e n t  produces a f i e l d  i n  the same d i r e c t i o n  as t h e  app l i ed  f i e l d  t o  
change t h e  f l u x  t o  one u n i t  i n s ide  t h e  loop. This change g ives  an output  
vo l t age  of s i g n  oppos i te  t o  t h a t  f o r  the previous case. The p a t t e r n  
r e p e a t s  as t h e  f i e l d  is increased, g iv ing  an  output  vo l tage  which is a 
p e r i o d i c  func t ion  of t h e  f i e l d  w i t h  per iod  hc/2e d iv ided  by the area of 
t h e  loop as shown i n  Fig. 3. Thus t h e  response from our  modulator is  a 
supe rpos i t i on  of t h e  l i n e a r  Meissner e f f e c t  and t h e  pe r iod ic  quant ized  
f l u x  e f f e c t .  

TA-5093-2 

FIG. 3 CIRCUIT RESPONSE WITH SUPERCONDUCTING LOOP 

Coi l  N i n  Fig.  2 is  a n u l l  c o i l  whose opera t ion  w a s  descr ibed  
earlier. 
a t  the modulator when C i r c u i t  is open. 

Co i l  D i n  Fig.  2 is a t r i m  c o i l  used t o  z e r o  t h e  magnetic f i e l d  

Figure 4 is a block diagram of the e l e c t r o n i c s  used wi th  t h e  magne- 
Figure 5 is a photograph of t h e  completed magnetometer mounted tometer. 
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i n  i t s  test f i x t u r e .  The magnetometer assembly f i t s  i n t o  the 3-in.  Linde 
dewar (Fig. 6 )  and is designed so t ha t  t h e  sens ing  element is approximately 
a t  the  a x i a l  c e n t e r  of the superconducting s h i e l d .  Rotat ion of t h e  
pick-up c o i l  through 180' f o r  absolu te  f i e l d  measurement is provided by 
a rack and p in ion  d r i v e  made of Delrin.  The modr;lator is nioiiiited along 
t h e  a x i s  of r o t a t i o n  so t h a t  its average f i e l d  remains cons t an t  except 
f o r  that  due t o  t h e  pick-up c o i l .  Each p a i r  of electrical l eads  t o  t h e  
var ious  c i r c u i t  components shown i n  Fig.  2 passes  through one of the 
&-in. OD BeCu support  tubes t o  provide good s h i e l d i n g  from electrical 
p ick  up. 

Magnetic Sh ie ld  

I n  o rde r  t o  t e s t  t h e  magnetometer c i r c u i t  it is necessary t o  have a 
very low magnetic f i e l d  region. I t  would be most d e s i r a b l e  t o  have t h e  
t o t a l  f i e l d  i n  the region below gauss;  however, i t  may be s u f f i c i e n t  
t o  have a region i n  which one component of t h e  f i e l d  can be va r i ed  
smoothly through zero i n  10'6-gauss increments.  
i n t roduc t ion ,  i t  w a s  decided t h a t  it is  h igh ly  d e s i r a b l e  that t h e  low 
f i e l d  region be s u i t a b l e  f o r  t e s t i n g  both  t h e  superconducting c i r c u i t  
and room temperature magnetometers, i . e . ,  t h e  Ames f l u x  g a t e  probes, t o  
make it more g e n e r a l l y  u s e f u l  and t o  provide f o r  comparison tests. 

As mentioned i n  t h e  

Superconductors o f f e r  s e v e r a l  very unique advantages i n  magnetic 
s h i e l d i n g .  The ze ro  r e s i s t a n c e  property and the  Meissner e f f e c t  provide 
a superconductor w i th  a se l f - r egu la t ing  mechanism f o r  c a n c e l l i n g  magnetic 
f i e l d s , a - c  o r  d-c, which at tempt  t o  pene t r a t e  i ts  boundary. The quant ized 
f l u x  proper ty  can, i n  p r inc ip l e ,  al low one t o  achieve abso lu te  z e r o  f i e l d s .  
Consider,  f o r  example, a volume enclosed by a superconducting she l l  
i n i t i a l l y  above i ts  t r a n s i t i o n  temperature.  I f  t h e  t o t a l  magnetic f l u x  
pass ing  through t h i s  volume is  less than  one-half of a f l u x  u n i t ,  <hc/4e, 
and the superconducting shel l  is cooled below its t r a n s i t i o n  temperature,  
then  c u r r e n t s  w i l l  be induced i n  the  s h e l l  t o  e x a c t l y  cance l  t h e  contained 
magnetic f l u x  leaving  a volume of t r u l y  z e r o  magnetic f i e l d .  This  la t ter  
p o s s i b i l i t y  is beyond the  xeeds of our  proposed research. iVe are more 
concerned wi th  f i e l d  s t a b i l i t y  and l o w  f i e l d s  i n  t h e  microgauss range. 

Mercereau3 has shown t h a t  superconducting c y l i n d e r s  provide extremely 
s t a b l e  magnetic f i e l d  environments and f u r t h e r  that  the r a d i a l  component 
of t h e  e x t e r n a l  f i e l d  pass ing  through the c y l i n d e r  w a l l  can be substan- 
t i a l l y  reduced by r o t a t i n g  t h e  superconductor about i t s  l o n g i t u d i n a l  a x i s  
as it is  cooled through i ts  superconducting t r a n s i t i o n  temperature  region. 
When t h e  r e s i s t a n c e  of t h e  metal i s  very low but be fo re  i t  is supercon- 
duc t ing ,  induced eddy c u r r e n t s  tend to  cance l  the r a d i a l  f i e l d .  
c y l i n d e r  is  superconducting, i ts  r o t a t i o n  may be stopped and t h e  z e r o  
resistance maintains  t h e  reduced r a d i a l  f i e l d .  Mercereau used a small 

Once the  

Vant-Hull, L. L. and J. E. Mercereau, Magnetic Sh ie ld ing  by a Super- 
conduct ing  Cylinder,  Rev. Sc i .  I n s t .  - 34(11) ,  1238 (1963) 
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c 
t i n  c y l i n d e r  (1-in.  OD by 6- in .  long)  i n  h i s  experiments and r o t a t e d  the  
c y l i n d e r  d i r e c t l y  i n  a l i q u i d  helium ba th  which w a s  temperature  regula ted .  

The requirements of t h i s  research, i .e. ,  a room temperature  access 
i n t o  the  low f i e l d  environment s u i t a b l e  f o r  t e s t i n g  the  Ames f l u x  g a t e  
sensor ,  n e c e s s i t a t e d  a much l a r g e r  s h i e l d  assembiy than  t h e  one descr ibed  
by Mercereau. In  designing and bu i ld ing  t h i s  l a r g e r  s h i e l d  w e  were faced 
wi th  s e v e r a l  u n c e r t a i n t i e s  such as scale f a c t o r s  i n  going from a very 
small t o  a l a rge  sh i e ld ,  most s u i t a b l e  material, and optimum geometry. 

Because opera t ion  of a magnetic s h i e l d  was an ad junc t  t o  t h e  main 
o b j e c t  of t h e  research ,  t h e  opera t ion  of a s e n s i t i v e  magnetometer based 
on superconduct ivi ty ,  w e  decided t h a t  t h e  s h i e l d  shoiild be r e l a t i v e l y  
s imple y e t  o f f e r  t h e  p o s s i b i l i t y  of t r y i n g  var ious  superconduct ing 
materials. The complete magnetic s h i e l d  assembly now i n  opera t ion  w i l l  
be  descr ibed  i n  d e t a i l .  F igure  6 i s  a l i n e  drawing of t h e  magnetic s h i e l d  
assembly . 

The outermost s h i e l d  i s  a thoroughly annealed Mu-metal c y l i n d e r  
84-in.  long, 13h-in. diameter,  with 0.050-in. t h i c k  w a l l s .  A second 
annealed Mu-metal c y l i n d e r  60-in. long, 124-in. diameter ,  wi th  0.050-in. 
w a l l s  is  centered  wi th in  t h e  f i r s t  cy l inde r .  This s h i e l d  is wound wi th  
a c o i l  so  t h a t  an a l t e r n a t i n g  f i e l d  can be app l i ed  immediately p r i o r  
t o  opera t ion  t o  demagnetize t h e  inne r  cy l inde r .  These s h i e l d s  should 
reduce t h e  f i e l d  i n  t h e  c e n t r a l  volume t o  gauss  or less. 

Within t h i s  reg ion  a superconducting c y l i n d e r  ( a c t u a l l y  a Pb coa t ing  
0.004-in. t h i c k  by 36-in. long e l e c t r o p l a t e d  onto  a pure copper tube 
69-in. OD wi th  0.030-in. w a l l s )  is placed i n s i d e  a l i q u i d  helium dewar 
(Fig.  6 b ) .  
so t h a t  it can be cooled s lowly through t h e  t r a n s i t i o n  temperature of 

and monitor t h e  coo l ing  rate. 

The lead  cy l inde r  is  mounted i n s i d e  a vacuum jacke t  (Fig. 6 c )  

-47'K. Heaters and thermometers are mounted on t h e  cy l inde r  t o  c o n t r o l  

The l i q u i d  helium dewar (Fig. 6 b )  is 8-in.  I D  and about 68-in. long 
and was special ly  cons t ruc ted  by t h e  Linde Company, us ing  t h e i r  super- 
i n s u l a t i o n  so t h a t  no l i q u i d  n i t rogen  j acke t  is  requi red .  I t  i s  made 
e n t i r e l y  of nonmagnetic material, pr imar i ly  aluminum and f i b e r g l a s s .  
AS depic ted  i n  Fig. 6 ,  t h e  dewar is supported on a p ivot  a t  t h e  bottom 
and has nylon r o l l e r s  around the top  f lange ,  so  t h a t  i t  and i t s  contents  
can  be r o t a t e d  about a v e r t i c a l  a x i s  a t  speeds up t o  about 60 r p m .  The 
aluminum a l l o y  of t h e  dewar w a l l  is a poor thermal conductor a t  l i q u i d  
helium temperatures;  t hus  t h e  copper l i n e r s  i n s i d e  t h e  8-in.  dewar and 
o u t s i d e  t h e  3-in. dewar w a l l s  are necessary t o  maintain low thermal 
g r a d i e n t s  a long t h e  s h i e l d  as the  l i q u i d  helium l e v e l  f a l l s .  

In  opera t ion  t h e  dewar i s  r o t a t e d  as the  lead  cy l inde r  i s  cooled 
through i ts  t r a n s i t i o n  temperature. When t h e  r e s i s t i v i t y  of t h e  cy l inde r  
is low but  not y e t  zero,  t h e  r o t a t i o n  w i l l  reduce t h e  r a d i a l  f i e l d  
Components due t o  eddy c u r r e n t s  induced i n  t h e  cy l inde r .  Then when t h e  
l e a d  c y l i n d e r  becomes superconducting, i t  w i l l  f r e e z e  i n  a small, 
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e s s e n t i a l l y  a x i a l  f i e l d .  Since no  f l u x  changes can occur through t h e  
superconducting w a l l ,  t he  r e s idua l  f i e l d  is extremely stable.  

A f i n a l  reduct ion  of t h e  a x i a l  f i e l d  is made by passing a s m a l l  
c u r r e n t  through a superconducting so leno id  (Fig.  6d )  which i s  24-in. long 
and wound wi th  0.010-in. Nb wire, This so lenoid  is f i t t e d  w i t h  a d-c 
t ransformer  t o  g ive  v e r n i e r  con t ro l  of t h e  f i e l d  a f t e r  the  so lenoid  
cu r ren t  is  p e r s i s t e n t .  F i e ld  r egu la t ion  w i t h  t h i s  t ransformer  is about 
lo4 t i m e s  more s e n s i t i v e  than the  r egu la t ion  poss ib l e  w i t h  t he  so lenoid  
alone.  

The test reg ion  is i s o l a t e d  from the  main l i q u i d  helium ba th  by a 
second Linde supe r insu la t ed  dewar, 3-in. I D  and about 62-in. long. The 
c r y o s t a t  f o r  t e s t i n g  t h e  superconduct ing magnetometer is  placed i n  t h i s  
dewar and the  dewar f i l l e d  wi th  l i q u i d  helium. The temperature  is  lower- 
ed by pumping on the ba th  and con t ro l l ed  by r egu la t ing  t h e  pressure  above 
the  ba th .  

For t e s t i n g  room temperature devices, the  dewar is  l e f t  open tc t he  
room or temperature  compensated f o r  thermal l o s s  t o  t he  main helium bath.  

Because t h e  s h i e l d  assembly w a s  t o  be used f o r  long-term s t a b i l i t y  
tests, w e  decided t o  use  lead as the superconducting s h i e l d i n g  material. 
The r a t h e r  h igh  t r a n s i t i o n  temperature f o r  l ead  (7.2'K) enab le s  t he  
helium ba th  t o  be maintained a t  atmospheric pressure ,  thereby  al lowing 
topping  up of t h e  b a t h  without appreciably changing the s h i e l d  tempera- 
t u r e .  The use  of indium o r  t i n ,  a l though poss ib ly  b e t t e r  s h i e l d  materials, 
would r e q u i r e  e l a b o r a t e  helium t r a n s f e r  methods or c losed  c y c l e  helium 
r e f r i g e r a t o r s  t o  maintain t h e  s h i e l d  below i t s  t r a n s i t i o n  temperature  
du r ing  continuous long-term experiments. 

EXPERIMENTAL STUD1 ES 

Magnetometer 

"ko experimental  tests of the magnetometer have been made. In  both 
tests w e  used hollow indium modulators heated i n t e r n a l l y  by a CuAu 
r e s i s t i v e  f i l m .  This  type  of modulator should e x h i b i t  bo th  t h e  Meissner 
effect and quant ized f l u x  response. In  t h e  f i r s t  experiment an apparent  
electrical s h o r t  between t h e  indium and t h e  heater l i m i t e d  the modulator 
h e a t e r  frequency t o  about 1000 cps.  Also t h e  noise  l e v e l  w a s  t oo  h igh  
t o  detect quant ized f l u x  response. The Meissner e f f e c t  w a s  observable  
and t h e  no i se  l e v e l  w a s  measured a t  + 7 ~ 1 0 - ~  gauss.  
used a b e t t e r  indium modulator and cons iderably  b e t t e r  experimental  
r e s u l t s  were obtained.  This experiment w i l l  now be descr ibed  i n  d e t a i l .  

The second experiment 

A t  t h e  beginning of t h e  experiment t h e  superconducting s h i e l d  w a s  
coo led  i n  t h e  usua l  manner, t h e  Mu-metal w a s  depermed, and the  magnetic 
t e s t  environment shown i n  Fig. 7 w a s  locked i n .  This  f i g u r e  a l s o  shows 
t h e  p o s i t i o n  of t h e  Superconducting magnetometer c i r c u i t  dur ing  these s t u d i e s .  
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The i n i t i a l  test  of t h e  magnetometer c i r c u i t  c o n s i s t e d  of a series 
of s t u d i e s  of the output  s i g n a l  from the magnetometer versus  t he  app l i ed  
modulator vo l tage  f o r  d i f f e r e n t  bath temperatures.  The r e s u l t s  were 
p l o t t e d  as shown i n  Figs.  8 and 9. Our s t u d i e s  were made a t  t h e  ambient 
f i e l d  cond i t ion  shown on Fig. 7. D i f f e ren t  f i e l d s  change t h e  s i g n a l  
amplitude due t o  changes i n  the  f h x  a t  the  mc?dl-?lator. The major s i g n i -  
f i cance  of these d a t a  is  tha t  t h e y  seem t o  i n d i c a t e  the q u a l i t y  of t h e  
superconducting modulator. This q u a l i t y  f a c t o r  is best understood by 
r e fe rence  t o  Figs.  8, 9, and 10. In  Fig. 8 the  b a t h  temperature,  T, i s  

f o r  indium ( i .e . ,  above t h e  superconducting t r a n s i t i o n  temperature,  
'3.37'K). I n  t h i s  case the  hea t ing  c u r r e n t  t o  t h e  modulator provides no 
movement of f l u x  due t o  either the  Meissner e f f e c t  or quant ized  f l u x  and 
any outpr;t s i g n a l  is due t o  noise picked up from t h e  heater c u r r e n t ,  etc.  

TC , 

Figure 9 is f o r  T < T . A s  w e  s tart  inc reas ing  t h e  power from zero,  
w e  observe no i n i t i a l  output because none of t h e  indium l a y e r  is being 
hea ted  above i ts  t r a n s i t i o n  temperature. With f u r t h e r  i nc rease  i n  power, 
p a r t s  of t he  indium begin  t o  switch on and o f f ,  i . e . ,  are taken above 
and below the i r  superconducting t r a n s i t i o n  temperature.  This i n i t i a l  
s i g n a l  is caused by t h e  Meissner e f f e c t  moving magnetic f l u x  i n  and out 
of t h e  indium l aye r .  With f u r t h e r  i nc rease  i n  power w e  should reach a 
power range where the e n t i r e  indium layer i s  switched uniformly. A t  t h i s  
po in t  the s i g n a l  is from t h e  Meissner effect and quant ized  f l u .  Fu r the r  
power inc reases  cause p a r t s  of t h e  modulator t o  remain above T and thus  
reduce t h e  output  s i g n a l .  A t  these  higher powers, the s l o p e  of t he  out- 
put s i g n a l  should decrease ,  due t o  a decreas ing  Meissner e f f e c t ,  but 
p e r i o d i c  quantized f l u x  should s t i l l  appear.  F i n a l l y ,  the heat input  
t o  t h e  modulator is s u f f i c i e n t  t o  cause a l l  of the superconducting l a y e r  
of indium t o  remain above T and the  output s i g n a l  should r e t u r n  t o  i t s  
zero power l e v e l .  

C 

C' 

For decreas ing  power the cyc les  should repea t  w i t h  no h y s t e r e s i s ,  
i f  t h e  i n i t i a l  f i e l d  i n s i d e  t h e  hollow superconducting post w a s  t he  same 
as t h e  i n i t i a l  e x t e r n a l  f i e l d .  The observed hys t e re s i s  and erratic power 
p l o t s  obtained w i t h  our modulator (Fig. 9 )  are be l i eved  t o  be due t o  
electrical s h o r t s  between the superconducting indium and the CuAu heater 
or nonuniform thermal c o n t a c t  of the  indium w i t h  the heater or the helium 
bath. Inspec t ion  of region "art i n  Fig. 9 shows that  even i f  one is able 
t o  f i n d  a power g iv ing  optimum s i g n a l ,  t h i s  power w i l l  be c r u c i a l  and 
r e q u i r e  accu ra t e ,  s t a b l e  c o n t r o l .  

These power p l o t s  are t o  be compared w i t h  an " idea l"  p l o t  shown i n  
F ig .  10. This i d e a l  p l o t  is  based on exper ience  w i t h  similar modulators 
a t  S tan fo rd  Univers i ty .  There a l a r g e  number of modulators were s tud ied ,  
and power p l o t s  of t h e  type  shown i n  Fig. 10 w e r e  gene ra l ly  obtained from 
modulators w i t h  no electrical s h o r t s  and w i t h  a uniform superconducting 
l a y e r .  

W e  made numerous power p l o t s  a t  var ious  b a t h  temperatures from above 
T 
I n  g e n e r a l  more power is required t o  i n i t i a t e  swi tch ing  of t h e  indium 
Cyl inde r  a t  lower temperatures.  The erratic s i g n a l  continued a t  a l l  

for indium (= 3.37'K) t o  below t h e  l i q u i d  helium lambda poin t  (2.19'K). 
C 
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temperatures s tud ied .  However, we found t h a t  temperatures around 2.5'K 
gave t h e  b e s t  s i g n a l  and chose t h i s  range t o  measure the quant ized  f l u x  
response. 

Before measuring the  quantized f l u x  s i g n a l  w e  c a p a c i t i v e l y  tuned t h e  
output s i g n a l  from the magnetometer and t r i e d  va r ious  f requencies  so t h a t  
w e  could select that  frequency giving the maximum s i g n a l .  The modulator 
could be switched a t  f requencies  up t o  100 kcps a l though the  maximum 
s i g n a l  w a s  observed a t  30.3 kcps, which frequency w a s  chosen f o r  the  
i n i t i a l  s t u d i e s .  

The quant ized  f l u x  s t u d i e s  were made by s t a b i l i z i n g  t h e  helium ba th  
temperature,  f i x i n g  t h e  modulator power, t hen  sweeping the  magnetic f i e l d  
a t  t h e  modulator u s ing  the  n u l l  c o i l  (Coil  N, Fig. 2 )  d r iven  w i t h  a 
c u r r e n t  ramp genera tor .  P l o t s  of s i g n a l  v o l t a g e  ve r sus  app l i ed  magnetic 
f i e l d  w e r e  t hen  made us ing  t h e  modulator power as a parameter. 
shows a number of t h e s e  p l o t s  of s i g n a l  versus  f i e l d  made a t  d i f f e r e n t  
modulator power s e t t i n g s .  We f ind  tha t  a t  low power the  s i g n a l  i s  not a 
func t ion  of app l i ed  f i e l d .  As power is  increased  the  s i g n a l  begins  t o  
vary  approximately l i n e a r l y ,  which is characterist ic of t he  Meisccer 
e f f e c t  modulator. Addi t iona l  hea t ing  swi tches  more of t he  modulator and 
i n c r e a s e s  the s i g n a l .  F ina l ly ,  w e  reach the  power s e t t i n g  where t h e  
e n t i r e  modulator switches and the quantized f l u x  response is superimposed 
on the Meissner e f f e c t .  A t  th i s  power s e t t i n g  w e  made s e n s i t i v i t y  and 
n o i s e  s t u d i e s .  Three traces of the  s i g n a l  versus  f i e l d  p l o t  were made 
t o  check s i g n a l  s t a b i l i t y ,  and then the n u l l  f i e l d  w a s  set a t  poin t  "a" 
(Fig.  12) .  Expanding t h e  Y-scale and changing t h e  X-axis t o  t i m e ,  w e  
ob ta ined  a z e r o  trace; then  by using the l a r g e  Nb so leno id  a s soc ia t ed  w i t h  
t h e  superconducting s h i e l d ,  we app l i ed  a +1.079 gamma f i e l d  t o  the  
pick-up c o i l  (A i n  Fig. 4 ) .  The response is-shown i n  Fig. 12 where w e  see 
t h a t  2.158 gamma corresponds t o  approximately 24 d i v i s i o n s  and t h e  no i se  
i s  approximately 1 d i v i s i o n .  This g ives  a magnetic f i e l d  r e s o l u t i o n  of 
better than 0.1 gamma. I t  should be noted t h a t  the magnetic f i e l d  a t  
t he  superconducting modulator corresponding t o  one quantum of f l u x  is  
approximately 12 mgauss. 
F ig .  2, is approximately 50, so a f i e l d  change of about 0.24 mgauss 
( i . e . ,  24 gamma) is  requi red  t o  produce a quantum of f l u x  a t  t h e  modulator. 

Figure 11 

The ampl i f i ca t ion  of f i e l d  by  the c i r c u i t  AB, 

W e  draw the fo l lowing  conclusions from these data: 

1. I t  is p o s s i b l e  t o  observe quant ized  f l u x  w i t h  our c i r c u i t ,  and 
the  s e n s i t i v i t y  of t h e  superconducting magnetometer is better than 
0 . 1  gamma. 

2. The performance of the magnetometer c i r c u i t  i n d i c a t e s  t h a t  the  
coup l ing  between t h e  modulator and the pick-up c o i l  i s  good, tha t  elec- 
t r i c a l  p i ck  up from t h e  modulator is not severe ,  and t h a t  the  supercon- 
d u c t i n g  t r ans fo rmer  i n  t h e  output c i r c u i t  i s  w e l l  matched. 

3. The indium modulator can be  switched a t  f requencies  up t o  
100 kcps. 
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4. A comparison of t h e  experimental  power p l o t  (Fig.  9) w i t h  t h e  
t h e o r e t i c a l  one (Fig.  10) i nd ica t e s  that  the  modulator used i n  t hese  
experiments w a s  not ideal. Improvements i n  the modulator should improve 
s t a b i l i t y ,  s i g n a l  t o  noise ,  and s e n s i t i v i t y .  

5 .  A l l  of t h e  s i g n i f i c a n t  d i f f i c u l t i e s  apparent  i n  the  magnetometer 
performance were caused b y  t h e  superconducting modulator. 
( a )  l a c k  of r e p r o d u c i b i l i t y  of s igna l ,  ( b )  uns t ab le  power point  f o r  maxi- 
mum s i g n a l ,  (c)  s h o r t  modulator l i f e  un le s s  i t  is  kept a t  l i q u i d  helium 
temperature.  

These w e r e  

Magnetic Sh ie ld  

The magnetic s h i e l d  has been assembled and used numerous times at 
l i q u i d  helium temperatures.  Careful s t u d i e s  have been made of t he  e f f e c t s  
of deperming t h e  Mu-metal, helium boi l -off  rates, magnetic f i e l d  a t t enu-  
a t i o n  of t h e  superconducting sh ie ld ,  t h e  e f f e c t  of sh ie ld  r o t a t i o n  during 
cool ing  on t h e  locked in"  a x i a l  magnetic f i e l d  g rad ien t s ,  and long-term 
st a b i l i t y .  

I t  

Deperming of t h e  inner  Mu-metal s h i e l d  gave very unpredic tab le  
r e s i d u a l  a x i a l  magnetic f i e l d s .  Numerous 60-cycle, a-c deperms were 
t r i ed  w i t h  c u r r e n t s  from 1/4 amp t o  a m a x i m u m  of 10 amps. 
combinations of cu r ren t  and rate of cu r ren t  decrease were used. I n  gen- 
e r a l ,  c u r r e n t s  of about 2 amps rms which w e r e  l i n e a r l y  decreased from 
maximum t o  ze ro  i n  30 sec gave t h e  best r e s u l t s ,  but  i n  no case could w e  
deduce any cons i s t en t  reproducible  p a t t e r n  of deperm procedure versus  
r e s u l t a n t  f i e l d .  Typical examples of t h e  axial magnetic f i e l d  of t h e  
Mu-metal be fo re  and a f t e r  var ious  deperming procedures are shown i n  
Fig. 13. 

Also d i f f e r e n t  

The average helium boi l -off  r a t e  w i t h  t h e  3-in.  Linde dewar a t  room 
temperature  w a s  approximately 0.5 l i t e r / h r .  
helium temperature,  t h i s  w a s  reduced t o  0.3 l i t e r / h r .  
very low f o r  such l a rge ,  s t ra ight -wal l  dewar systems and are s a t i s f a c t o r y  
f o r  long-term opera t ion .  

With t h e  3- in ,  dewar a t  
These rates are 

Seve ra l  experiments were performed t o  s tudy  the e f f e c t  of r o t a t i n g  
t h e  superconducting magnetic s h i e l d  as it cooled through i ts  t r a n s i t i o n  
temperature  region. As discussed e a r l i e r ,  t h e  induced eddy c u r r e n t s  a r e  
supposed t o  cance l  r a d i a l  magnetic f i e l d  components and leave a very 
homogeneous a x i a l  magnetic f i e l d  inside t h e  s h i e l d .  This a x i a l  f i e l d  
may then  be c o n t r o l l e d  wi th  a p e r s i s t e n t  c u r r e n t  solenoid.  I n  a l l  experi-  
ments t h e  s h i e l d  w a s  r o t a t e d  a t  approximately 1 rps  about i t s  v e r t i c a l  
a x i s  i n  t h e  r e l a t i v e l y  low f i e l d  environment of t h e  double Mu-metal 
s h i e l d s .  Axial f i e l d  maps were made before  and a f t e r  each r o t a t i o n  
experiment,  and t h e  e f f e c t  of eddy cu r ren t  s h i e l d i n g  w a s  eva lua ted  by 
comparing t h e  axial magnetic f i e l d  g rad ien t s  before  and a f t e r  r o t a t i o n .  
The superconduct ing t r a n s i t i o n  f o r  t h e  lead  s h i e l d  occurred over about 
10 mil l ideg rees ;  cool ing  times through t h i s  temperature  range were var ied  
from a f e w  seconds t o  as high a s  20 sec. 
t h e  axial magnetic f i e l d  g rad ien t s  be de tec t ed  as a func t ion  of t h e  

In  no case could any change i n  

21 



>. 
I 
n 

w 
0 

J 

LL 

I- 
W 
2 

I 
-1 

X 
U 

2 

P 

80 I I I I I I 
- 

60 

40 

20 

0 

- 20 

- 40 t 

22 



r o t a t i o n  procedure. T h i s  problem h a s  not been i n v e s t i g a t e d  ex tens ive ly  
because t h e  s h i e l d  assembly i s  p e r f e c t l y  adequate f o r  i t s  cu r ren t  use.  

W e  do f e e l  t h a t  much slower cool ing  rates as w e l l  as a t h i c k e r  lead 
superconducting l a y e r  would show more pronounced r o t a t i o n  e f f e c t s .  
superconducting materials such as t i n  or indium, w i t h  much lower normal 
r e s i s t a n c e  immediately be fo re  t h e  superconducting t r a n s i t i o n ,  would be 
more i d e a l l y  s u i t e d  f o r  eddy cur ren t  damping than is  lead.  

A l s o ,  

The magnetic f i e l d  a t t enua t ion  of t h e  superconducting s h i e l d  has 
been measured by h o i s t i n g  t h e  e n t i r e  8- in .  dewar assembly out of the  
Mu-metal s h i e l d s  and applying e x t e r n a l  magnetic f i e l d s  w i t h  c o i l s  wrapped 
on the ou t s ide  of t h e  dewar. In  one test the  Ames senso r  w a s  l oca t ed  a t  
t h e  c e n t e r  of t h e  superconducting s h i e l d  and e x t e r n a l  magnetic f i e l d s  
w e r e  app l i ed  us ing  t h e  12-in. and the upper 6-in.  co i l s  wound on the 
o u t s i d e  of t he  l a r g e  dewar (see Fig. 6 ) .  With a maximum magnetic f i e l d  
of 14 gauss appl ied  by t h e  c e n t e r  c o i l  : t o  s imula te  a uniform a x i a l  f i e l d ) ,  
a f i e l d  change of 0 .45 gamma w a s  observed a t  the  Ames sensor .  Using the 
upper c o i l  t o  s imula te  a uniform t r ansve r se  f i e l d ,  a f i e l d  change of 27 gauss 
changed t h e  f i e l d  a t  t he  sensor  by 31 gamma. Thus the  f i e i d  a t t e n u a t i o n  
of the superconducting s h i e l d  measured f o r  the  f i r s t  case ( c e n t e r  c o i l )  
was 3x106 and was lo5  f o r  t h e  second case. During the  next  a t t e n u a t i o n  
test t h e  Nb so lenoid  w a s  l e f t  on while a 4.4-gauss f i e l d  w a s  appl ied  w i t h  
t h e  12-in. co i l  a t  t h e  c e n t e r  of the 8- in .  Linde dewar. The a x i a l  mag- 
n e t i c  f i e l d  w a s  mapped be fo re  and during t h e  f i e l d  app l i ca t ion .  A s  shown 
i n  Fig.  14, f i e l d  v a r i a t i o n s  near  the c e n t e r  of the superconducting 
s h i e l d  w e r e  t o o  s m a l l  t o  be measured w i t h  the Ames sensor .  Near t h e  
o u t e r  ends of t h e  s h i e l d  w e  could detect small f i e l d  v a r i a t i o n s .  The 
approximate logar i thmic  f i e l d  a t t enua t ion  f o r  these po in t s  is a l s o  shown 
i n  Fig.  14 where w e  have p l o t t e d  An ( a t t e n u a t i o n )  versus  Z, axial d i s -  
placement from one end of the sh ie ld .  The s t r a i g h t  l i n e  p l o t  sugges ts  
an  a t t e n u a t i o n  r e l a t i o n  of t h e  form 

A = exp-(BtZ/r t )  

where B = a t t e n u a t i o n  a t  Z = 0, i . e . ,  one end of t h e  s h i e l d ;  r = s h i e l d  
r a d i u s ,  and t = cons tan t  a t t enua t ion  f a c t o r .  From t h e  d a t a  w e  f i n d  that  
B = 4.15 and t = 3.3. Thus t h e  approximate a t t e n u a t i o n  per s h i e l d  r ad ius  
is  exp(3 .3)  = 27/radius .  This agrees reasonably w i t h  our  first measure- 
ments where t h e  sensor  w a s  6 r a d i i  i n  from t h e  t o p  of t h e  s h i e l d  and the  
measured a t t e n u a t i o n  w a s  3 ~ 1 0 ~ .  Of course,  f o r  the present  case, the  Nb 
s o l e n o i d  adds cons iderably  t o  t h e  sh i e ld ing .  

These a t t e n u a t i o n  measurements g ive  a rough idea  of t he  s h i e l d i n g  
t o  b e  expected from a superconducting c y l i n d e r  but  are not i d e a l .  W e  
do n o t  have t h e  fac i l i t i es  t o  apply uniform a x i a l  o r  perpendicular  mag- 
n e t i c  f i e l d s  t o  t h e  s h i e l d ,  and w e  were not a b l e  t o  l i f t  t he  s h i e l d  
Completely out of t h e  c y l i n d r i c a l  Mu-metal enc losure .  

23 



30 

25 

20 

T 15- 
0 

0 
3 
C a 

.- + 

+ 
'0 10- 
c 

-4 
I 

5 -  

0 -  

-5 

I I I I I I I I 

I A t 216 I4O AT AT 75crn 75cm 

- I 2 0  

- I O 0  

- 80 

n i 
d60 

u 
- 
LL 

I- 

40 
U 
5 
-J 

5 2 0  a 

0 

- -20 

- 

1 

A SUPERCONDUCTOR OUT OF THE MU-METAL 
SHIELD WITH A 4.4 GAUSS FIELD APPLIED AT !/ - 
THE SHIELD CENTER 

f l  - 

i l  
/ I  
I /  
I /  
' I  

W - L n (attenuation) - 
- 

- 

4' - 

9 - 
4 - 

SUPERCONDUCTOR OUT OF THE MU-METAL 
SHIELD 

- /TOP OF SHIELD /CENTER OF SHIELD 4 
I I I I I I I 

) 70 80 90 100 I IO I 20 I30 140 I50 
AXIAL DISPLACEMENT FROM TOP OF 3-in. LINDE DEWAR-cm 

T8-5093-24 

FIG. 14 ATTENUATION MEASUREMENTS OF THE SUPERCONDUCTING 
MAGNETIC SHIELD 

24 



Long-Term S t a b i l i t y  of the Ames Flux G a t e  Sensors  

The magnetic s h i e l d  f a c i l i t y  has been used f o r  fou r  long-term 
s t a b i l i t y  tests of the Ames f l u x  ga te  sensors .  These tests l a s t e d  f o r  
10, 5, 18, and 125 hours,  r e spec t ive ly .  The first three tests w e r e  made 
dur ing  a run when t h e  ND so lenoid  w a s  i nope ra t ive  and without making con- 
t inuous  records of e x t e r n a l  va r i ab le s  such as room temperature and ex te r -  
n a l  magnetic f i e l d .  A s i n g l e  Ames  s enso r  w a s  used and it w a s  mounted 
near  t h e  a x i a l  c e n t e r  of t he  superconducting s h i e l d .  Figures  15 and 16 
show the sensor  reading versus  t i m e  f o r  t h e s e  three tests, and Fig.  17 
shows t h e  a x i a l  magnetic f i e l d  environment of each tes t .  I t  is d i f f i c u l t  
t o  draw d e f i n i t e  conclusions from these f irst  three tests except t h a t  t he  
aeiiaor reading is not  p e r f e c t l y  t ime-stabie  under t h e  given test condi- 
t i o n s .  

The f o u r t h  s t a b i l i t y  test w a s  instrumented t o  cont inuously record 
t h e  sensor  output  from two Ames sensors  mounted 30-cm a p a r t  as shown i n  
Fig. 18. Also t h e  fol lowing s i g n i f i c a n t  e x t e r n a l  v a r i a b l e s  were recorded: 

1. Environmental a i r  temperature of the sensors  

2.  Room temperature  

3. Vertical component of the  e x t e r n a l  magnetic f i e l d  a t  t he  
s h i e l d  w a l l  

4. Superconducting s h i e l d  temperature 

5. Output vo l t age  from bo th  sensor  power supp l i e s .  

Due t o  the d e t a i l  and complexity of t h i s  test i t  w a s  descr ibed  
s e p a r a t e l y  i n  an in t e r im  repor t  submitted t o  A m e s  Research Center  on 
August 23, 1965. A summary w i l l  be given here .  

Each sensor  reading was recorded on a s t r i p  recorder  instrumented 
t o  au tomat i ca l ly  measure the recorder  z e r o  s h i f t  and gain every hour. 
The remaining v a r i a b l e s  w e r e  recorded on a mult ichannel  Vis icorder .  
F igu re  19 is a g r e a t l y  reduced p lo t  of d a t a  taken from t h e  continuous 
records .  These p l o t s  were cons t ruc ted  by reading t h e  o r i g i n a l  charts 
a t  i n t e r v a l s  (1 t o  5 min) requi red  t o  accura t e ly  reproduce a l l  v a r i a t i o n s ,  
and p l o t t i n g  t h e s e  po in t s  on a reduced t i m e  scale. Reading e r r o r  for 
t h e  s e n s o r s  w a s  +a microgauss and t h i s  accounts f o r  much of the breadth  
seen  on t h e  senso r  p l o t s .  
a i r  c i r c u l a t e d  by t h e  sensors  for temperature c o n t r o l  and is d i r e c t l y  
p ropor t iona l  and approximately equal t o  t h e  sensor  temperature.  The 
Superconducting s h i e l d  temperature d i d  not  vary more than  +0.040°C dur ing  
t h e  test;  t h e s e  d a t a  are not shown s i n c e  i n t e n t i o n a l  v a r i a t i o n s  of as 
much as 0.5OC had no measurable effect on t h e  i n t e r n a l  magnetic f i e l d .  
The t w o  s enso r  supply  vol tage  readings were p l o t t e d  and showed a l i n e a r  
dec rease  i n  vol tage  wi th  t i m e  which amounted t o  about 0.1 vdc over t h e  
f u l l  test. The i n i t i a l  vo l tage  was 7 . 2  vdc. These d a t a  are not  shown 

The a i r  temperature  shown i n  F ig ,  19 i s  t h e  
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due t o  t h e  s imple l i n e a r  dependence. None of t h e  recorded d a t a  have been 
omitted from t h e  p l o t s  shown on Fig. 19. The reg ions  where no po in t s  
appear are reg ions  where t h a t  p a r t i c u l a r  channel was inope ra t ive .  The 
sensor  a i r  temperature  w a s  i n t e n t i o n a l l y  va r i ed  a t  t h e  fol lowing t i m e s :  
3665, 3690, 3830 t o  3842, 4090, 7325, 7932, 8351, 8610, and 10890. A t  
3830 t o  3842 the a i r  c o n t r o l  system was changed t o  came a peri.ilaiient 
s h i f t  i n  t h e  average a i r  temperature of about 2i°C. A l l  of t h e s e  t e m -  
pe ra tu re  changes are r e f l e c t e d  i n  t h e  senso r  readings.  
magnetic f i e l d  readings are found t o  be closely c o r r e l a t e d  wi th  t h e  a i r  
temperature.  S ince  the a i r  temperature w a s  equa l  t o  room temperature  
from t i m e  3842 t o  the end of the test, except  where the  sensor  tempera- 
t u r e  was i n t e n t i o n a l l y  var ied ,  t h i s  sugges ts  that t h e  e x t e r n a l  magneto- 
meter may be temperature  s e n s i t i v e .  Xeasurements made a f t e r  t h e  s t a b i l i t y  
test showed t h a t  t h e  magnetometer, a B e l l  Model 240 d i f f e r e n t i a l  gauss- 
meter, had a p o s i t i v e  c o e f f i c i e n t  of 16.5 milligauss/ 'C. 

Also t h e  ambient 

Conclusions of t h e  LoneTerm S t a b i l i t v  T e s t  

The s i g n i f i c a n t  impl ica t ions  of t h i s  test are: 

1. The superconduct ing magnetic s h i e l d  and t h e  Nb so lenoid  are 
extremely s t a b l e  f o r  long time periods,  i.e., t h e  magnetic f i e l d  near  
t h e  c e n t e r  of the s h i e l d  is  constant  w i th in  t h e  +1 microgauss s e n s i t i v i t y  
of t h e  Ames senso r  f o r  per iods of a t  least one week and provide an 
e x c e l l e n t  test  environment f o r  low f i e l d  magnetometer s t u d i e s .  

2. The Ames  f lux  gate sensors  show very l i t t l e  long-term d r i f t ,  
and a l l  measurable changes i n  the senso r  readings are as soc ia t ed  wi th  a 
sensor  temperature  change. 

These conclus ions  are based on a c l o s e  examination of t h e  d a t a  
presented  i n  Fig.  19, t h e  senso r  placement i n  t h e  s h i e l d  assembly, and 
t h e  prev ious ly  d iscussed  superconducting s h i e l d  a t t e n u a t i o n  measurements. 
The t i m e  i n t e r v a l  from 2800 t o  3250 shows l a r g e  e x t e r n a l  magnetic f i e l d  
v a r i a t i o n s  wi th  cons t an t  sensor  temperature and output .  This i n d i c a t e s  
t h a t  t h e  magnetic s h i e l d  assembly is  e f f e c t i v e  i n  s h i e l d i n g  a t  least 
100-mill igauss e x t e r n a l  f i e l d  va r i a t ion ,  a r e s u l t  expected from t h e  
measured a t t e n u a t i o n  c o e f f i c i e n t s  f o r  t h e  superconducting s h i e l d  a lone  
of at least lo5. Considerat ion of t h e  placement of t h e  sensors ,  given 
i n  Fig.  18, shows t h a t  t h e  upper sensor  was approximately 1 4  s h i e l d  r a d i i  
f a r t h e r  from t h e  s h i e l d  c e n t e r  than t h e  lower senso r  w a s .  If the observed 
s e n s o r  v a r i a t i o n s  w e r e  due t o  ex te rna l  f i e l d  v a r i a t i o n s ,  then  one would 
expec t  t h e  v a r i a t i o n  i n  the lower senso r  t o  be reduced by at least a 
f a c t o r  of 30 over  t h e  upper sensor.  This  f a c t o r  is der ived  from t h e  
a t t e n u a t i o n  measurements of the superconducting s h i e l d  a lone  as previous ly  
d iscussed .  

A region where a l l  readings are cons tan t  is  shown i n  Fig.  19 from 
t i m e  5750 t o  6150. I t  is  clear f r o m  t h i s  i n t e r v a l  t h a t  t h e  senso r  read- 
i n g s  are cons tan t  w i t h i n  0.1 gamma f o r  almost 7 hours whi le  t h e  a i r  
temperature  and ambient f i e l d  were cons t an t .  



n 

The i n t e n t i o n a l  tSiiipec3tu-e va r i a t ions ,  e.g., t i m e  8400 i n  Fig. 19, 
i n d i c a t e  a negat ive  sensor  temperature c o e f f i c i e n t .  I t  w a s  d i f f i c u l t  t o  
make meaningful estimates of the magnitude of t h e  c o e f f i c i e n t  o r  t h e  
senso r  equi l ibraBion  t i m e  due t o  the method used i n  measuring and con- 
t r o l l i n g  t h e  sensor  temperature. 

I 

TemDerature S e n s i t i v i t v  of t h e  Ames Sensors 

D e f i n i t e  c o r r e l a t i o n s  between the temperature  of t h e  a i r  used t o  
r e g u l a t e  t h e  senso r  temperature and t h e  senso r  reading  were observed 
dur ing  t h e  long-term s t a b i l i t y  test. To i n v e s t i g a t e  t h e  na tu re  of t h i s  
temperature  dependence and sepa ra t e  it from temperature  v a r i a t i o n  of t h e  
Linde dewar w a l l ,  etc., w e  b u i l t  t he  temperature  c o n t r o l  s y s t e m  shown 
i n  Fig. 20. I n  t h i s  appara tus  t h e  two sensors ,  each i n  a s e p a r a t e  
temperature c o n t r o l l e d  water ba th ,  were placed 30-cm a p a r t  (as i n  t h e  
long-term s t a b i l i t y  test) .  The sensors  were p ro tec t ed  from d i r e c t  water 
con tac t  by t h i n  rubber s l eeves  as shown i n  Fig.  20. The a x i a l  magnetic 
f i e l d  of t h e  superconducting s h i e l d  immediately be fo re  the test is shown 
i n  F ig .  21. 

During t h e  test t h e  lower sensor  w a s  kept a t  a cons t an t  temperature 
by c i r c u l a t i n g  co ld  t a p  water (22OC). 
s enso r  w a s  va r i ed  from 2loC t o  55OC by varying t h e  amount of hot  water 
t h a t  w a s  mixed wi th  co ld  water. 

The temperature  of t h e  upper 

The actual senso r  temperature was obtained from measurements of t h e  
r e s i s t a n c e  of t h e  senso r  feedback coil .  To make t h i s  measurement t h e  
senso r s  were disconnected, one a t  a t i m e ,  and t h e  c o i l  r e s i s t a n c e  w a s  
measured wi th  an a-c br idge.  Only a few microwatts of power are requi red  
f o r  a n  accu ra t e  temperature  measurement. 

The temperature c o e f f i c i e n t  of t h e  feedback c o i l  of No.  1 sensor  
w a s  measured by p lac ing  t h e  sensor  i n  thermal  ba ths  a t  known temperatures 
and measuring the  co i l  r e s i s t a n c e  as above. The c o e f f i c i e n t  is cons tan t  
a t  approximately & ohm/OC over  the  range s tud ied  (from +20 t o  55OC).  
Sensor  No.  2 w a s  no t  a v a i l a b l e  at the  t i m e  of t h e s e  measurements bu t  w e  
assumed t h e  two c o e f f i c i e n t s  were approximately equal .  

The senso r  f i e l d  s e n s i t i v i t y  was measured f r equen t ly  dur ing  the  
experiment by t u r n i n g  on a small f i e l d  us ing  t h e  d-c t ransformer  and 
t h e  Nb so lenoid  of t h e  superconducting magnetic s h i e l d  assembly. 

Resu l t s  

F igure  22 shows p l o t s  of t h e  sensor  reading, t h e  sensor  temperature,  
and t h e  magnetic f i e l d  s e n s i t i v i t y  versus  t i m e .  During t h e  i n i t i a l  40 
t o  50 minutes t h e  water temperature and t h e  senso r  readings  were not 
s t a b l e .  The approximate temperature c o e f f i c i e n t s  of Sensor  No. 2 ( t h e  
upper s e n s o r )  can be determined from Fig.  22. F igure  23 is t h e  a c t u a l  
recorded trace of t h e  No. 2 senso r  for  t h e  t i m e  i n t e rva l  95 t o  124. 
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This f i g u r e  shows the  equi l ibr ium sensor  record a t  t w o  d i f f e r e n t  tempera- 
t u r e s ,  t he  region of temperature measurement, s e n s i t i v i t y  measurements, 
and i n  p a r t i c u l a r ,  t h e  increased no i se  dur ing  a temperature change. 

The genera l  conclusion reached from t h e s e  d a t a  is  t h a t  t he  Ames 
sensor  output  is s e n s i t i v e  to  temperature. For l a r g e  temperature changes 
(AT a 3OoC) t h e  measured c o e f f i c i e n t  is approximately -0.4 pgauss/OC. 

MEETING WITH HONEYWELL REPRESENTATIVES 

On September 24, 1965, w e  had a d iscuss ion  wi th  M r .  Lutes and M r .  
Jansson of Honeywell Company. The purpose of t h i s  d i scuss ion  w a s  t o  
b r i e f  t h e  Honeywell r ep resen ta t ives  on t h e  design of our  superconducting 
s h i e l d  and suggest  poss ib l e  improvements which should be considered i n  
f u t u r e  designs.  This meeting was approved v e r b a l l y  by D r .  Debs and 
M r .  Munoz of A m e s  Research Center. A summary of our  comments follows: 

1. The magnetic f i e l d  s t a b i l i t y  and a t t e n u a t i o n  of our  s h i e l d  
is  p e r f e c t l y  adequate t o  provide a s u i t a b l e  environment f o r  t e s t i n g  f l u x  
g a t e  sensors .  

2.  The r o t a t i o n  experiments performed wi th  our  s h i e l d  have been 
inconclusive.  W e  feel t h a t  a t h i c k e r  lead  coa t ing  and slower cool ing 
rates through the superconducting t r a n s i t i o n  temperature region would 
provide t h e  expected eddy c u r r e n t  c a n c e l l a t i o n  of r a d i a l  magnetic f i e l d s .  
Our e x i s t i n g  s h i e l d  assembly would be w e l l  s u i t e d  f o r  these s t u d i e s .  

3. Indium or t i n  would be supe r io r  t o  lead  as a superconducting 
s h i e l d  because they have much lower normal r e s i s t a n c e  immediately before  
t h e  superconducting t r a n s i t i o n .  The design of a long-term cryogenic 
environment for t h e s e  lower temperature superconductors would be somewhat 
more involved but  by no means impractical. 

4. The cryostat designed fo r  our  s h i e l d  assembly is  s a t i s f a c t o r y  
f o r  most magnetometer and sh ie ld ing  experiments, and even f o r  very long- 
term tests; but i t  has a r a t h e r  l a r g e  helium boi l -of f  rate, about 
0.5 l i t e r / h r .  W e  suggested an a l t e r n a t e  design (Fig. 24)  t h a t  should 
reduce t h e  helium boi l -off  t o  about 1 l i t e r / d a y .  The s i g n i f i c a n t  
features of t h i s  design are (a) a l l  components are placed i n  t h e  same 
vacuum space, so t h a t  thermal conduction hea t  leaks  are minimized, and 
( b )  a l l  low temperature  vacuum s e a l s  are el iminated.  
placement of components shown i n  Fig. 24 is f o r  i l l u s t r a t i v e  purposes 
only .  Features  such as e f f i c i e n t  use of t he  co ld  helium boi l -of f  vapor, 
r a d i a t i o n  sh ie ld ing ,  t r a n s f e r  l i n e s ,  poss ib l e  omission of the n i t rogen  
s h i e l d  etc. were not considered in  t h i s  prel iminary suggestion. 

The d e t a i l e d  
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FUTURE WORK 

Our immediate efforts a r e  devoted t o  t h e  development of t h e  quant ized 
f l u x  magnetometer. I n  t h e  next magnetometer experiment w e  w i l l  at tempt 
t o  o p t i c a l l y  heat  t he  superconducting modulator wi th  a chopped l i g h t  beam. 
(This approach was se l ec t ed ,  upon our  recommendation, i n  a meeting wi th  
Dimeff, Debs, Gardner, and Murphy of Ames Research Center  on J u l y  20, 
1965.) 
of t h i s  apparatus  has  been delayed due t o  d i f f i c u l t y  i n  having t h e  
o p t i c a l  su r f aces  of t h e  &-in. quar tz  l i g h t  pipe proper ly  machined and 
pol ished.  The indium modulator has been vapor depos i ted  and is ready t o  
m o u n t .  W e  expect t h a t  assembly w i l l  be  complete and the  first run w i l l  
be conducted during t h e  month of October. 

Figure 25 shows a ske tch  of t h e  experimental  set up. Assembly 

and the  t h r e e  e f f e c t s  exp lo i t ed  i n  t h i s  magnetometer development, namely, 
quant ized  f lux ,  ze ro  r e s i s t a n c e ,  and t h e  Meissner e f f e c t .  
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